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a b s t r a c t
Laminate composites made of glass ﬁbre/epoxy resin ﬁlled with acrylic tri-bloc copolymers
(Nanostrength) have been successfully manufactured. Microstructure, thermomechanical properties
and impact resistance have been investigated and compared with those of a glass ﬁbre/epoxy resin
system. Dynamic mechanical analysis (DMA) tests have been conducted to determine the effect of
Nanostrength on storage, loss modulus and glass transition temperature. A drop weight tower was used
to perform low-velocity impact tests on laminate composites. Addition of Nanostrength to the epoxy
matrix led to an increase in both strength and impact resistance of the composite. Moreover, a moderate
decrease of storage modulus and glass transition temperature was observed.
1. Introduction
Polymer composites reinforced with long ﬁbres are widely used
as high-performance materials in various industries such as auto-
motive, rail-industry, aerospace, sport and civil engineering. These
materials become very suitable for all applications which require
high strength and lowweight. Among thermosetting polymers used
in composites manufacturing, epoxy resins are the most widely
used for high performance applications [1]. Epoxy matrixes exhibit
excellent mechanical and thermal properties, low shrinkage upon
curing, very good chemical and corrosion resistance properties
and good process ability under variable working conditions. How-
ever, epoxy or epoxy-based materials have very poor impact resis-
tance properties. To improve the impact resistance, several
solutions have so far been proposed [2]. The insertion of elasto-
meric particles is one of the most common ones that softens rigid
thermoset matrices [3]. This method involves dissolving chemically
modiﬁed elastomeric particles in the thermosetting resin. This
method has the disadvantage of reducing the effective stiffness of
the ﬁnal product. In addition, the introduction of thermoplastic par-
ticles in epoxy resins can improve their toughness [4,5]. A new
innovative method to improve epoxy resins’ impact resistance
was recently reported in the literature. It consists of using an epoxy
nanocomposite as a matrix in the ﬁnal composites [6]. Carbon
nanotubes (CNTs), layered clay [7], rigid nanoparticles or combina-
tions of these particles were frequently used in epoxy nanocompos-
ite-based ﬁbre composite materials [8]. Because of their small size,
rigid nanoﬁllers have proven to be effective in improving both the
toughness and the stiffness of the ﬁnal composite [7,9,10]. In partic-
ular, well-dispersed silica nanoparticles have been adopted to
strengthen epoxy resins [11]. Ferreira et al. [12] studied the fatigue
strength of a Kevlar/epoxy laminate composite and reported
positive effects of using epoxy organoclay as the matrix in epoxy
composites. It was found that 12 wt.%-ﬁlled composites had signif-
icantly improved tensile fatigue strength. However, the fatigue
strength of ﬁlled composites was lower in the three point bending
test. Gojny et al. [13] have investigated the tensile properties of
glass ﬁbre-reinforced carbon nanotube/ epoxy matrixes. They
showed that the tensile properties of laminates were not affected
by the presence of CNTs and the inter-laminar shear strength and
fracture toughness were improved.
Many papers report studies of low velocity impact behaviour of
ﬁbre/nanoparticle-epoxy resins. Hosur et al. [14] showed that the
addition of nanoclay into the system reduced the impact damage,
although the impact response in terms of peak load remained
mostly unaltered. Similar improvements in inter-laminar fracture
toughness have been reported. Studies performed by Ávila et al.
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[15] showed that the introduction of nanoclays into glass ﬁbre/
epoxy composites increased the delaminated areas after low veloc-
ity impact tests. This phenomenon can be attributed to inter-
laminar shear forces created by the intercalated nano-structures.
Nanoclays also increased the energy absorption capacity of glass
ﬁbre composites by approximately 48% when loaded with low
energy (20 J).
Although such systems exhibit improved properties, their effec-
tiveness greatly depends on the successful dispersion of nanoﬁllers
in polymer resins. The three main techniques used to prepare
nanocomposites are melt intercalation, in situ polymerisation
and solvent intercalation [16]. To obtain exfoliated systems with
excellent physical properties, nanoﬁller modiﬁcation and solvent
elimination are commonly applied. However, these treatments
can be very costly. To overcome the need for these modiﬁcations
of epoxy matrix nanocomposites, an innovative solution is to use
acrylic tri-block-copolymers (developed and marketed by Arkema,
under the trade name Nanostrength), which can easily be solubi-
lised in epoxy resins. Acrylic tri-block-copolymers have the ability
to self-assemble to form nanostructures (e.g., micelles, vesicles)
through selective chemical interactions with the epoxy matrix
[17]. Although epoxy resin ﬁlled with acrylic tri-block-copolymers
present a signiﬁcant enhancement in properties [18], their use as a
matrix in laminate composite materials has received less attention.
To the best of our knowledge, only two studies have been reported
in the literature. Bashar et al. [19] showed that the fracture behav-
iour of a basalt ﬁbre/epoxy resin can be signiﬁcantly improved by
the presence of nanoparticles. They have demonstrated that
micelle structures were formed by acrylic tri-block-copolymers
in epoxy resins, and these led to cavitation during plane-strain
fracture, followed by subsequent matrix deformation. Such effects
were attributed to excellent toughness improvements of the bulk
epoxy. In the work by Denneulin et al. [20], whose focus is on
the low impact behaviour of Aramids ﬁbres/epoxy-acrylic tri-block
composite laminates, the authors demonstrated that the impact
resistance of the composites was improved in the presence of acry-
late tri-block (Nanostrength).
In this study, acrylic tri-block copolymers (Nanostrength)-mod-
iﬁed epoxy nanocomposite systems were prepared and used as a
matrix in woven glass fabric laminate composites. Glass fabrics
were impregnated with neat epoxy resin and epoxy-based Nano-
strength for the fabrication of composite laminates. Composite
morphology was investigated by means of atomic force microscopy
(AFM) and scanning electron microscopy (SEM). Impact resistance
as well as thermomechanical properties of the composites, with
and without Nanostrength, were also investigated.
2. Experimental characterisation
2.1. Materials
The polymer resin used in this work is a thermoset epoxy pre-
cursor DGEBA (EPOLAM2020), with low viscosity, supplied by
Axson Technologies. The EPOLAM 2020 hardener, also supplied
by Axson Technologies, is used in a ratio of 0.345 (w/w) (corre-
sponding to 34.5 g of hardener for 100 g of resin). The ﬁbre fabric
used is a plain bi-directional woven fabric of glass ﬁbres (supplied
by Composites Distribution) with a thickness of 0.15 mm and sur-
face density of 202 g/m2. The acrylic tri-block copolymers, M52N,
named Nanostrength and supplied by ARKEMA (GRL, France), are
symmetric MAM copolymers. MAM copolymers have a poly(butyl
acrylate) centre block and two poly (methyl methacrylate) side
blocks (Fig. 1a), designed for epoxy formulations such as DGEBA,
whatever hardener (‘‘Thermoset materials with improved impact
resistance’’, WO2006/077153). The PMMA blocks give compatibil-
ity to epoxy resin, while the PBuA blocks provide an immiscible
soft rubber phase for toughening. Compared to conventional
reactive rubber modiﬁer such as carboxy-terminated butadiene
acrylonitrile (CTBN), or rubber core or thermoplastic spheres,
Nanostrength can easily be dissolved in epoxy resin, with applica-
tion of heat and a low amount of shear. When dissolved in epoxy,
Nanostrength self-assemble into nanostructures. The PMMA block
will associate with epoxy resin forming an effective shell surround-
ing an immiscible PBuA core. The ﬁnal epoxy based Nanostrength
structuration depends on the chemical nature of crosslinker and
the chemical composition of the blocks copolymer. In the ﬁnal
material Nanostrength are present either in form of worm-like
micelles or in the form of the vesicles (Fig. 1b).
2.2. Processing
Prior to preparation of the composites, the Nanostrength pow-
der is dissolved in the epoxy resin. The powder M52N is initially
mixed with the EPOLAM2020 epoxy resin in an oven, at a mixing
temperature of 130 C and a mixing rate of 290 rpm, for 2 h. The
chosen temperature allows the block copolymers to dissolve into
the epoxy resin. Two Nanostrength weight concentrations (5 wt.%
and 10 wt.%) were used for preparation of the composites. Because
the addition of Nanostrength leads to an increase in resin viscosity,
a low viscosity di-functional aliphatic reactive diluent (RD107)
based on hexanediol (from Epotec) was added to limit the increase
of viscosity. Furthermore, the processing pressure and the addition
of RD107 were also investigated. Fig. 2 shows the three different
resins used for the preparation of the three laminated composites
that were investigated in this study.
A typical composite panel’s preparation protocol consisted of
ﬁrst putting the glass fabric in an oven for 20 min at 80 C. Then,
a blend of epoxy precursor and hardener was poured on both faces
of the woven glass fabric. Then, the same operation was repeated
for the second woven fabric before the superimposition of the
two woven fabrics. The glass fabric impregnation was done by
hand. Our composite panel was composed of ﬁve woven glass fab-
rics. Special care was taken to ensure that the ﬁve impregnated lay-
ers of glass fabrics were disposed with a 0 relative orientation
with respective to each other. After the impregnation of the woven
glass fabrics, a hot press was used to supply accurate temperature
and pressure to cure the composites. The ﬁrst stage was compres-
sion of the impregnated layers, under 10 or 20 bars, at a tempera-
ture of 90 C. The second stage was post-curing in an oven at 80 C
for 2 h. The same procedure was followed for glass ﬁbre/epoxy
modiﬁed Nanostrength laminate composites.
Fibre weight fractions of these composite materials were deter-
mined by Thermo-gravimetric Analysis (TGA). TGA was performed
using a thermal analysis NETZSCH STA 409 PC-Luxx Instrument,
under nitrogen, at a heating rate of 40 C/min and a temperature
range from 30 C to 900 C. For each composite system, four spec-
imens were cut with a cookie cutter and subjected to TGA. The TGA
curves (Fig. 3) reveal that both composites degrade in two steps.
However, given that our study does not address the degradation
of two composites, we not give more details on the process of deg-
radation of these composites. The glass ﬁbre weight fraction of
both composites is then measured by the means of weight loss.
According to the TGA curves (Fig. 3), this glass ﬁbre weight fraction
is about 70%. The material sample names and the processing con-
ditions are listed in Table 1.
2.3. Measurement and characterisation
Atomic force microscopy (AFM) was performed by using a
Dimension 3100 (VEECO) in tapping mode. To determine the Nano-
strength shapes and spatial distribution in the laminate composite,
AFM observations were performed on ion-polished specimens.
Dynamic modulus and relaxation temperatures of the laminate
composites with or without Nanostrength were measured by a
Netzch DMA 242C dynamic mechanical analyser (DMA). The ther-
mograms of EPO_FV, EPONS_FV and EPO_RD107_FV composites
were obtained in torsional mode, at a vibration frequency of
1 Hz, constant static strength of 0.5 N, a temperature range from
30 C to 150 C and a heating rate of 5 C/min in air atmosphere.
The specimens used for DMA analyses had dimensions of
25  12  0.5 mm3.
Impact tests on composite specimens were performed with a
drop weight tower. This device consists of two columns attached
to a metallic gantry (Fig. 4(a)). The two columns guide the falling
carriage, on which different impactor geometries can be ﬁxed. A
winch with an electromagnet is used to lift the projectile (from
1 kg to 5 kg) to the desired impact height (up to 2 m), which is a
function of the velocity required. During the test, the projectile is
released by an electromagnet, falls freely and then strikes the
structure. An anti-bouncing device is used to avoid a second
impact, which could further damage the structure and prevent
post-mortem analysis of the damage and residual strain. By placing
a piezoelectric force sensor (Bruel & Kjaer 8230 C-003 force trans-
ducer, force range of 5 kN) under the projectile, the force response
of the structure during impact can be determined. During the test,
the specimen was held with clamped edges, in a circular support
with 70-mm diameter. The plates were clamped by four screws
with a torque of 20 Nm. The steel impactor used for the study
was a hemispherical impactor with 16-mm diameter. The impact
tests were conducted at an impact energy of 8.8 J, which corre-
sponds to a drop height of 0.5 m. The total mass (of carriage plus
impactor) is 1.77 kg. As a supplementary tool, a Photron FASTCA-
MAPX RS high-speed video camera was used, to observe the back
face of the composite structure during the impact (a mirror was
placed at 45 beneath the sample to reﬂect the image of the
deformed sample) (Fig. 4(a)) to better understand the test results.
Displacement was measured via a second high-speed video camera
(Photron SA3), which tracked a grid stuck on the impactor. For each
type of composite, the tests were repeated six times to ensure test
repeatability.
Fig. 1. (a) Schematic representation of Arkema’s MAM Nanostrength block copolymers, (b) TEM images of self assembled nanostructures in epoxy resin.
Fig. 2. Schematic representation of the different resin mixtures.
Fig. 3. TGA thermograms of (a) EPO_FV and (b) EPONS_FV.
Typical force versus time curves (Fig. 4 (b)), obtained after
impact testing, showed indications of four phases. The ﬁrst phase
(between [t0, t1]) corresponds to elastic bending of the composite
plate. Between [t1, t2], the increase in load is less pronounced and
corresponds to a ﬁrst drop of the composite stiffness because of
damage initiation. The damage consists mainly of matrix cracking,
which can be detected in the plot by the presence of small oscilla-
tions. The maximum force is reached at t2. Within the interval [t2,
t3], the signiﬁcant drop of load is due to damage propagation in the
composite plate structure. The failure of ﬁbres occurs at this stage.
The last phase [t3, t4] corresponds to the residual strength of the
composite plate and to dry friction during impactor penetration.
In the following, the load at which the damage initiation takes
place is denoted by Finit, and the maximum load is denoted by
Fmax. The impact resistances of the composites were characterised
in terms of the changes in Finit and Fmax. Scanning electron micros-
copy (SEM) (JSM 840) was used to investigate the composite plates
after impact tests.
3. Results and discussion
3.1. Dispersion of Nanostrength in the composite
Topographic and phase AFM images were obtained from
EPO_FV_10 and EPONS_FV_10 surfaces. In the case of the
EPO_FV_10 composite, the ﬁbres and the matrix are clearly distin-
guished (Fig. 5(a)). The relief is mainly due to the effect of the
surface preparation, which is because of the sputtering rate being
different for the ﬁbres and the matrix. The direction of the ion
sputtering can also be identiﬁed by the shape of the surface
corrugations. The AFM successfully conﬁrmed the presence of
acrylic tri-blocks copolymers in the matrix of the EPONS_FV_10
composite (Fig. 5(b)). In both topographic and phase images, the
Nanostrength is clearly identiﬁed. Nanostrength is present in the
form of elongated micelles with an average dimension of around
hundred nanometres. The spatial distribution of the micelles,
which is clearly not affected by the ionic sputtering process, is very
good, without evidence of clustering. These observations show that
the matrix nanostructuration is as effective after woven fabric
impregnation as for the matrix in bulk systems. This good disper-
sion of Nanostrength in EPONS_FV_10 composite can be attributed
to the ability of powdered Nanostrength to dissolve easily in the
epoxy resin and to the role of the reactive diluent. Having worked
on neat epoxy ﬁlled with Nanostrength, Arkema researchers
showed that the best toughness improvement was obtained when
the Nanostrength was present as elongated micelles [21].
3.2. Effect of processing pressure
Fig. 6 presents the variation of storage modulus, loss modulus
and damping factor as a function of temperature, for EPO_FV and
EPONS_FV. One can observe that there is no change in the visco-
elastic properties of the two composites with the increase of the
processing pressure. Additionally, there is no effect of processing
pressure on the glass transition temperatures (Tg) of the compos-
ites, either. In fact, for the EPO_FV system, the glass transition tem-
perature equals approximately 98 C for both processing pressures.
The same behaviour is observed for the EPONS_FV composite, for
which the Tg is evaluated to be 87 C for the two processing pres-
sures. These results are conﬁrmed by those obtained from the
Table 1
Sample names and processing conditions.
Sample Curing pressure (bar) Curing temperature (C) Post-curing temperature (C) Nomenclature
Glass ﬁbre/epoxy 10 90 80 EPO_FV_10
Glass ﬁbre/epoxy 20 90 80 EPO_FV_20
Glass ﬁbre/epoxy + Nanostrength 10 90 80 EPONS_FV_10
Glass ﬁbre/epoxy + Nanostrength 20 90 80 EPONS_FV_20
Glass ﬁbre/epoxy + RD107 10 90 80 EPO_RD107_FV_10
Glass ﬁbre/epoxy + RD107 20 90 80 EPO_RD107_FV_20
Fig. 4. (a) Schematic representation of drop tower; (b) typical load vs. time response for EPONS_FV_20.
impact resistance tests. As shown in Fig. 7, the force/displacement
curves for EPO_FV and EPONS_FV, ﬁtted for the two processing
pressures, overlap quite well and do so for all of the curve regions.
Thus, it appears that pressures above 10 bars were not required for
this fabric geometry. It seems that increasing the processing pres-
sure acts only to remove a few intra-bubbles. Due to this, we
focused only on composites prepared at a processing pressure of
10 bars.
3.3. Viscoelastic properties
In this section, the effect of reactive diluent and Nanostrength
addition on viscoelastic properties, is investigated and discussed.
The storage modulus (G0), determined at a frequency of 1 Hz, is
plotted as a function of temperature for EPO_FV_10,
EPO_RD107_FV_10 and EPONS_FV_10 (Fig. 8(a)). According to
these results, the addition of both Nanostrength and reactive
Fig. 5. AFM observations of: (a) EPO_FV showing the presence of glass ﬁbres and matrix regions,(left) topography proﬁle; (right) phase, (b) EPONS_FV showing the presence
of Nanostrength in form of elongated micelles, (left) topography proﬁle; (right) phase.
Fig. 6. DMA data, storage modulus (G0), loss modulus (G00) and damping factor (tan (delta)) versus temperature. (a) EPO_FV, (b) EPONS_FV.
diluent leads to a decrease of the storage modulus. In the glassy
state region, this effect is very signiﬁcant for EPONS_FV_10. As
reported in Table 2(a), the storage modulus of EPONS_FV_10, in
the glassy region decreases by 33% at 40 C, when compared to
that of EPO_FV_10. In contrast the storage modulus of
EPO_RD107_FV_10 increases slightly, by 12%, at 40 C. This
decrease is also observed in the rubbery state for both
EPONS_FV_10 and EPO_RD107_FV_10 (see Table 2(a)). The drop
in G0 with the addition of Nanostrength is probably due to the pres-
ence of nanostructured rubber phase (polybutyl acrylate), which
acts as a soft phase in the composite. The other factor that could
explain this reduction is the fact that the addition of both reactive
diluent and Nanostrength could change the cross-linking density of
the epoxy.
The loss modulus (G00) curves as a function of temperature are
presented in Fig. 8(a). As for G0, the loss modulus decreases with
the addition of reactive diluent and Nanostrength. The variation
of damping factor (tan(delta)) with temperature for laminates is
shown in Fig. 8(b), where a single relaxation is observed. The glass
transition temperature (Tg), corresponding to the peaks of the
damping factor curves (Fig. 8(b)), decreases with the addition of
reactive diluent and Nanostrength from approximately 98 C for
EPO_FV_10 to 87 C and 85 C for EPONS_FV_10 and
EPO_RD107_FV_10, respectively. One can see that there is no
change in the glass transition temperature between
EPO_RD107_FV_10 and EPONS_FV_10. Because there is no great
Fig. 7. Load vs. displacement curves, obtained at 8.8 J, (a) EPO_FV, (b) EPONS_FV.
Fig. 8. DMA data obtained at 1 Hz, (a) storage modulus (G0), loss modulus (G00) and (b) damping factor (tan (delta)) versus temperature of EPO_FV_10, EPO_RD107_FV_10 and
EPONS_FV_10.
Table 2
(a) DMA values taken at different temperatures; (b) impact test results.
G0 (MPa) G00 (MPa) Tg
(C)
40 C 90 C 130 C 40 C 90 C 130 C
(a)
EPO_FV_10 4900 2310 820 170 510 58 98
EPO_RD107_FV_10 5600 1660 724 234 244 29 85
EPONS_FV_10 3250 619 401 123 176 18.6 87
F init
(N)
F max
(N)
Displacement
max (mm)
Dissipated
energy (J)
(b)
EPO_FV_10 1195 1250 2.9 3.3
EPO_RD107_FV_10 1204 1248 3.2 3.4
EPONS_FV_10 5% 1210 1500 3.4 3.7
EPONS_FV_10 10% 1530 1665 3.3 3.9
difference between the Tgs of EPO_RD107_FV_10 and EPONS_FV_10,
the presence of the reactive diluent in EPONS_FV_10 seems to be
the main cause for the decrease of Tg. The reactive diluent
acts as a plasticising agent on the epoxy network. Different peak
heights indicate that the damping properties of the three laminate
composites are different. Generally, the increase of damping factor
peak height indicates either good mobility of molecular chains or
poor interfacial adhesion between the matrix and the ﬁbres. In
our case, this change is more related to good mobility of the
polymer chains, induced by the addition of a soft nanostructured
rubber phase into the epoxy matrix. Thus, according to results
depicted in Fig. 8(b), the restriction of polymer chain mobility is
more effective in EPO_FV_10 than in EPONS_FV_10. This observa-
tion leads to the conclusion that the combination of reactive
diluent and Nanostrength addition improves the mobility of the
epoxy matrix chains. Based on dynamical mechanical analysis
(DMA), Yang et al. [22] reported an increase in Tg and a decrease
in storage modulus, in the presence of Poly(3-caprolactone)-
block-poly(butadiene-co-acrylonitrile)-blockpoly(3-caprolactone)
tri-block copolymer (PCL-b-PBN-b-PCL). The authors believe that
the increase of Tg is due to the reduction in plasticisation of the
modiﬁed epoxy, induced by reduced interpenetration of PCL chains
into the nanostructured epoxy. In our system, the decrease of Tg is
only linked to the use of reactive diluent, which causes some
changes in the cross-linking density of the epoxy matrix.
3.4. impact resistance
Fig. 9(a) shows load versus displacement curves for the lami-
nate composites containing 0, 5 and 10 wt.% of Nanostrength. It
can be seen that the slope of the load displacement curves, which
is designated as the contact stiffness, remains the same. The peak
Finit, at which point damage initiates, increases from 1195 N for
EPO_FV_10, to 1210 and 1530 N for EPONS_FV_10 (5 wt.%) and
EPONS_FV_10 (10 wt.%), respectively. In the same way, the maxi-
mum load peak (Fmax), goes from 1250 N for EPO_FV_10 to 1500
and 1665 N for EPONS_FV_10 (5 wt.%) and EPONS_FV_10
(10 wt.%), respectively, corresponding to an improvement of 20%
and 33%, respectively. Load versus displacement diagrams showing
the effect of both reactive diluent and Nanostrength addition are
presented in Fig. 9(b). As shown in Fig. 9(b), the use of reactive dil-
uent (EPO_RD107_FV_10) had no effect on the impact resistance
properties of the composites. No change was observed in curve
slopes, in Finit or in the maximum Load (Fmax). However, a signiﬁ-
cant improvement was obtained in the impact resistance with
the addition of Nanostrength. This enhancement consists in an
improvement of 25% in Finit, 33% in Fmax and 19% in the displace-
ment corresponding to the maximum load. In fact, both Finit and
Fmax increase from 1195 N and 1250 N to 1530 N and 1665 N,
respectively, with the addition of 10 wt.% of Nanostrength. It can
be seen that there is no signiﬁcant change in the elastic properties
with Nanostrength addition. The dissipative energy, corresponding
to the area of the force displacement curve between [t0, t3], also
increases with the addition of Nanostrength. The impact results,
consisting of Finit, Fmax, the displacement at maximum load and dis-
sipated energy for all of the laminate composites are listed in
Table 2(b). Some reports discuss the possible ways to improve
the toughness of the ﬁbre–epoxy laminate composites. One such
method consists of using compatibilising agents on ﬁbre fabrics,
to improve ﬁbre/epoxy interfacial adhesion [23]. An alternative
approach is the selective toughening of interface regions between
plies [24]. This method consists of applying a thin adhesive layer
at the interface between plies, to inhibit delamination. This
approach is similar to the dispersion of thermoplastic powder onto
one surface of prepreg. Finally, the third method consists of tough-
ening the epoxy matrix [18]. Because this solution is the one we
choose in our work, the toughening mechanisms of our laminate
composites are mainly due to epoxy matrix toughening mecha-
nisms. The improvement in toughness of the epoxy through
formation of a nanostructured phase can be related to the follow-
ing factors: the elastomeric phase (PBu) is homogenously dis-
persed in the epoxy matrix at a nanometre scale, which can
greatly enhance interaction between the epoxy matrix and the
Nanostrength. Because the Nanostrength is reactive, chemical
bonds can be created between the epoxy matrix and the Nano-
strength. In addition, the improvement of impact resistance in this
nanostructured system can be related to the decrease in cross-
linking density of the thermoset epoxy matrix. Ahead of the crack
front, Nanostrength seems to be able to interact within the plastic
zone to suppress the coalescence of micro-cracks and voids. The
Nanostrength may act to shield the matrix from damage by
bridging cracks. Finally, the toughening of the epoxy-modiﬁed
Nanostrength composite is also caused by the Nanostrength rubber
phase nanocavitation, which can induce matrix shear banding [25].
Fig. 9. Load vs. Displacement curve showing, (a) the effect of Nanostrength concentration on impact resistance properties, and (b) the effect of reactive diluent and
Nanostrength addition on impact resistance properties.
This last argument is well observed in polymer nanocomposite
materials, suggested to high strain rate loading [26].
The enhancement of the impact resistance with the addition of
acrylic tri-blocks copolymers consists of 25% improvement in Finit,
33% improvement in Fmax and 19% increase in the displacement
corresponding to the maximum load. These results agree with
the study published by Deunneulin et al. [20] on the effect of epoxy
based acrylic tri-blocks copolymers aramid ﬁbres composite. They
observed that elastic limit detected by the ﬁrst oscillation on the
curve due to matrix cracking increase about 40% in terms of force
and about 30% in terms of displacement. In other studies with
organoclays or carbone nanotube-based epoxy as the matrix in
ﬁbre composites, the rule of nanoreiforcement in the toughening
mechanism of ﬁbre composites is evidenced. In the study of Reis
et al. [27], it was observed that the addition of nanoclays promoted
maximum loads around 16, 1% higher than that occurred in Kevlar
with pure epoxy resin. In another study by Taraghi et al. [28] on the
low velocity response of Kevlar/epoxy laminated composites rein-
forced with carbon nanotubes, it is reported that the addition of
0.5 wt.% carbon nanotube leads to around 21% increase in the max-
imum peak force. According to another experimental study on the
low velocity impact resistance of thin, woven, carbon fabric com-
posites incorporating multiwalled carbon nanotubes, addition of
1.5 wt.% functionalized, multi-walled, carbon nanotube improves
the penetration energy by 50% without degrading the peak force
[29].
To understand the details of the toughening mechanisms, SEM
was performed to examine the damaged region after impact.
SEM observations in the damaged regions of EPO_FV_10 and
EPONS_FV_10 are presented in Fig. 10. The fracture surface of
EPO_FV_10 reveals a smooth matrix fracture surface, typical of
a brittle fracture surface (Fig. 10(A)). Consistent with work
performed by Arkema researchers [21], Nanostrength addition
afforded a substantial number of crack deﬂection sites, visible
through the rougher and ductile fracture zones of the
EPONS_FV_10 composite. Major differences in primary ﬁbre–
matrix adhesion were observed. The neat epoxy composite
exhibited notable interstices (Fig. 10(B)) at the ﬁbre–matrix
interface, suggesting that the ﬁbres had de-bonded during
impact. In contrast, debonding does not occur in the case of
the Nanostrength modiﬁed epoxy matrix. Furthermore, matrix
coating the glass-ﬁbre surface, indicates that addition of Nano-
strength could lead to improved interfacial adhesion between
glass ﬁbre and epoxy matrix.
4. Conclusions
Glass ﬁbre/epoxy-modiﬁed Nanostrength laminate composites
were successfully prepared by compression moulding. Due to
nanostructuration, Nanostrength provides superior toughening as
compared to reactive rubber ﬂexibilizers or core shell toughening
agents, without sacriﬁcing Tg or modulus. AFM observations
showed that Nanostrength was well dispersed in the composite
and was present in the form of worm-like micelles. Thermo-
mechanical and impact tests revealed that there was no effect of
processing pressure. The addition of Nanostrength led to a
decrease of storage modulus, loss modulus and glass transition
temperature. This decrease in viscoelastic properties is mainly
due to the use of reactive diluent in the epoxy matrix. Impact resis-
tance results, obtained through a drop tower device, revealed that
the maximum load increased signiﬁcantly with the addition of
Nanostrength. This increase of maximum load is due to the pres-
ence of a well dispersed Nanostrength in the epoxy matrix. SEM
observations of impact region revealed a smooth matrix fracture
surface, typical of brittle fracture surface for EPO_FV_10. However,
rougher and more ductile fracture zones were observed for
EPONS_FV_10 composite. Overall, this study showed that Nano-
strength easily can be used to enhance impact resistance proper-
ties of traditional epoxy laminate composites, with some
signiﬁcant applications in manufacturing helmets, boat hulls and
aerospace structures. Compared to similar studies on hybrid lamel-
late composite systems, the proposed technique of this work
brings about a better enhancement in the impact resistance.
Adding Nanostrength has proven for Kevlar ﬁbre and now glass
ﬁbre. This is a very interesting and advantageous way to easily
increase the materials performance, especially with respect to
low energy impacts.
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